• This is the author's version of a work that was accepted for publication in Electrochimica Acta. Changes resulting from the publishing process, such as peer review, editing, corrections, structural formatting, and other quality control mechanisms may not be reflected in this document. Changes may have been made to this work since it was submitted for publication. Oxygen diffusion and reduction in the catalyst layer of PEM fuel cell is an important process 3 in fuel cell modelling, but models able to link the reduction rate to catalyst-layer structure are 4 lack; this paper makes such an effort. We first link the average reduction rate over the 5 agglomerate within a catalyst layer to a probability that an oxygen molecule, which is 6 initially on the agglomerate surface, will enter and remain in the agglomerate at any time in 7 the absence of any electrochemical reaction. We then propose a method to directly calculate 8 distribution function of this probability and apply it to two catalyst layers with contrasting 9 structures. A formula is proposed to describe these calculated distribution functions, from 10 which the agglomerate model is derived. The model has two parameters and both can be 11 independently calculated from catalyst layer structures. We verify the model by first showing 12 that it is an improvement and able to reproduce what the spherical model describes, and then 13 testing it against the average oxygen reductions directly calculated from pore-scale 14 simulations of oxygen diffusion and reaction in the two catalyst layers. The proposed model 15 is simple, but significant as it links the average oxygen reduction to catalyst layer structures, 16 and its two parameters can be directly calculated rather than by calibration. 
We assumed that the diameter of the spheres is 300nm and its effective diffusion coefficient 5 for oxygen is 138.8μm 2 /s. In comparison of the two models, the value of parameter χ in the 6 simple model was chosen such that the solutions of the two models across at E=0.5. The final 7 result is 24  , meaning that the transfer rate coefficient in the simple model is α=0.036s -1 . 8 Figure 2 compares the effectiveness factors calculated by the two models under different 9 overpotentials. There is a slight difference between them, but their decays with overpotential 10 are comparable. In comparison with the spherical model, the simple model underestimates the 11 efficiency at low overpotential and overestimates it at high overpotential. 12
The above example aimed to introduce an alternative way to model oxygen reduction in 13 the catalyst layer rather than to demonstrate which model is superior. Because the spherical 14 agglomerate model assumed that the agglomerates in the catalyst layer are non-touched 15 spheres with a single diameter, it is inadequate to describe the electrochemical reaction rate 16 when oxygen diffusion becomes a limiting factor. In fact, recent work has found that for a 17 given catalyst layer, the agglomerate diameter in the spherical model is just a fitting 18 parameter, and its value is not a constant but changes with overptoential [15, 16] and (5) assume this probability is exponential, which, as will be demonstrated later, is just 5 approximation and inaccurate. If we can find an improved function to accurately describe this 6 probability for most catalyst layers, we should be able to improve the agglomerate model. 7
For a given catalyst layer, we can design a specific scenario to calculate its memory 8 function () gt . For doing so, we set the initial oxygen concentration inside the agglomerates to 9 be zero, and the gaseous oxygen concentration in the inter-agglomerates pore to increase 10 from zero to C and then remain unchanged. Since the gaseous oxygen needs to dissolve into 11 the ionomer first before it can move into the agglomerate, the dissolved oxygen concentration 12 on the agglomerate surfaces can be calculated from the Henry law of eq CC  . 
In what follows, we will demonstrate how to directly calculate the memory function based on 2 pore-scale simulations of oxygen diffusion in two catalyst layers with contrasting structures. what follows we will drop the prime associated with the normalised variables. 2
To be consistent with the ways the agglomerate model has been used in the literature, the 3 overpotential across each of the simulated images was assumed to be a constant. This can be 4 justified as the size of the images is just two microns. In all simulations, the initial oxygen 5 concentration in the agglomerates was zero, and the normalised concentration of the 6 dissolved oxygen on the outer surface of the agglomerates was 1.0. For calculating the 7 memory function, we set 0 0 k  , that is, there is no electrochemical reaction. 8
Oxygen diffusion through the agglomerates in each image was simulated using a model 9
we developed previously for pore-scale simulation of water flow and chemical transport in 10 soils and rocks [29] . As an example to illustrate how the catalyst structures affect oxygen 11 diffusion, Figure 4 shows the simulated concentration snapshots at time ' 15 t  for the two 12 images. 13
In each simulation, the oxygen concentrations in all voxels were sampled after each time 14 step, which were used to calculate the oxygen mass within the aggregates as follows: 15 and N is the total number of the agglomerate voxels, excluding the voxels in the inter-19 agglomerate pores. The increasing rate of the oxygen mass in the agglomerates at time t was 20 calculated from 21
where δt is the time step. From the above discussions, the memory function can be calculated 23
where V i is the volume of each agglomerate voxel. 2 Figure 5 shows the change of the calculated memory functions with time t for the two 3 samples. They both drop sharply with time in the earlier stage, and decay exponentially in the 4 later stage. It is evident that the exponential distribution function is inaccurate to describe 5 these memory functions. The available model able to describe distribution functions with 6 such a behaviour is the gamma distribution: 7 we derived also applies to oxygen diffusion in spherical agglomerates. Although the proposed 11 model is mathematical simpler, it is more general and the spherical agglomerate model can be 12 viewed as its special case. 13
The parameter κ in the model is dimensionless and depends only on agglomerate 14 geometry; it describes the decrease of the rate at which the oxygen moves from the inter-15 agglomerate pores to the agglomerates in the earlier stage. In contrast, the parameter α has 16 unit of s -1 and describes how easy the oxygen can move within the agglomerates in the later 17 stage; it depend on both geometry and effective diffusion coefficient of the agglomerates. 18
From the simulated results shown in Figure 5 , the agglomerates in the idealised catalyst layer 19 shown in Figure 2A are big and difficult for the oxygen to move, and it hence has a small α. 20
To elucidate how the two parameters affect the efficiency of the catalyst layer, Figure 7  21 shows the change of the effectiveness factor with overpotential under different combinations 1 of the two parameters by fixing k 0 at 0 0.01 k  . 2
Model verification 3
The memory function shown in Figure 5 is the probability that an oxygen molecule, 4 which is initially on the agglomerate surface, enters and remains within the agglomerate at 5 time t in the absence of any electrochemical reaction; it depends only on geometry of the 6 agglomerate and its effective diffusion coefficient for oxygen to diffuse. When the oxygen 7 molecule is also subjected to a reduction reaction at reduction rate of k c , the probability that 8 this oxygen molecule will be consumed by the reduction reaction at time t is ( ) e Table 1 . In each simulation, after the diffusion and reaction 15 were deemed to have reached steady state, the average electrochemical reaction rate was 16 calculated from: 17 Figure 5 . Overall, they agree well. There are some discrepancies 4 because the gamma distribution is an approximation, and it cannot perfectly match the 5 simulated memory functions. 6
The significance of the proposed model is that its two parameters can be directly 7 calculated from catalyst layer structures rather than by calibration. It can hence be used to 8 help catalyst layer design. Although the agglomerate diameter in the spherical model is also a 9 geometrical parameter, it is not a geometrical description of the agglomerates as it cannot be 10 independently calculated from catalyst layer structures [15, 16] . This is why its value varies 11 so widely in the literature ranging from 200 nm to 6000nm [30, 31] . Physically, an 12 agglomerate model should be able to link the agglomerate structures to catalyst layer 13 performance, rather than just a mathematical bridge to fit curves. In this aspect, the proposed 14 model is sound. 15
Impact of thin ionomer film 16
The above model is for agglomerates without ionomer coating. Real agglomerates are 17 often coated by a thin ionomer film, and the dissolved oxygen needs to move through the thin 18 film first before it can electrochemically react with electrons and protons within the 19 agglomerate. Figure 9 shows an illustrative example of an agglomerate coated with a thin 20 ionomer film λ nanometre thick. If we assumed that the dissolved oxygen concentration on 21 the ionomer surface is in equilibrium with gaseous oxygen concentration and is a constant To test the accuracy of this approximation, Figure 10 compares the effectiveness factor 15 directly calculated from pore-scale simulation with that predicted by Eq. (26) when the 16 dimensionless thickness of the ionomer film is 2. 17
Discussion and Conclusions 18
The nanopores within the agglomerates in the catalyst layer of PEM fuel cell are difficult 19 for oxygen to move and could become a limiting factor at high overpotential. How to 20 describe such limitations is an important issue in fuel cell modelling. The spherical 1 agglomerate model has been widely used to describe the decreased electrochemical reaction 2 under this condition, but its inferiority is well understood as it assumed that the agglomerates 3 in a catalyst layer are non-touched spheres with a single diameter. Given the inadequacy of 4 the spherical agglomerate model, developing improved catalyst-layer models is required. 5
The advent and application of tomography in fuel cells has opened an avenue for 6 improving catalyst layer modelling. For example, using FIB/SEM tomography one can 7 obtain 3D structures of a catalyst layer at resolutions as fine as a few nanometres. By 8 simulating oxygen diffusion and reaction in such 3D structures, we can directly calculate the 9 average oxygen reaction rate at different conditions. The calculated average reduction rates 10 can be saved in tabular forms as an input database to fuel cell modelling; this is the most 11 accurate description of a catalyst layer. However, such a database could become extremely 12 huge and time-consuming to numerically calculate when a variety of operating conditions 13 need to be considered. Therefore, expressing this database by a simple analytical formula is 14 practical useful, and this paper presents such a formula. 15
The formula was derived based on the relationship between the average electrochemical 16 reaction rate and the probability that an oxygen molecule, which is initially on the 17 agglomerate surfaces, enters and stays in the agglomerates at any time in the absence of any 18
reactions. The distribution function of this probability can be directly calculated; we 19 calculated it for two catalyst layers with contrasting interior structures. We then proposed a 20 formula to fit the calculated distribution functions, from which the formula for describing the 21 average reduction rate was derived. The formula has two parameters, and they both can be 22 estimated from the structures of the catalyst layers. 23
We verified the formula by first showing that it is indeed an improvement, and able to 24 produce all the spherical model can describe. Hence, the spherical model can be viewed as 25 21 one of special case of the proposed model. We then tested it against the average 1 electrochemical reaction rates directly calculated from pore-scale simulations of oxygen 2 diffusion and reaction in the two catalyst layers; the comparisons showed good agreements. 3
The most significant improvement of the proposed model is that, for a given catalyst layer, its 4 two parameters can be directly calculated rather than by calibration. Hence, the model can be 5 used in design. This differs from the spherical agglomerate model in which the agglomerate 6 diameter is a fitting parameter and cannot be calculated independently. Another advantage of 7 the formula is that it can be used to simulate transient behaviour of PEM fuel cell [32] , which 8 the spherical model could not. 9
A primary test of the model against two very contrasting catalyst layers is promising, but 10 its reliability needs further tests against more catalyst layers. This will become feasible as the 11 use of tomography in catalyst layer characterization will produce more 3D images. It is 12 expected that combining them with pore-scale modelling could considerably improve our 13 understanding of the catalyst layer processes. This and our previous work made such an effort 14 in attempts to get some insight into the physical and electrochemical processes occurring in 15 the catalyst layer. 
